Introduction
Age is one of the most important life history parameters for assessment and management of marine living resources. In baleen whales, age has been estimated using a variety of methods such as eye lenses [1] , baleen plates [2, 3] , earplugs [4, 5] and tympanic bulla [6] . Counting of the growth layers deposited in the earplugs is the most accepted technique for determining chronological age of baleen whales [7] . Earplug-based age estimation has the advantages that it is time-and cost-efficient, and the technique can be used on available historical samples; however, unreadable growth layers form in some individuals [8] and species [9] of baleen whales. The aspartic acid racemization (AAR) technique for estimating ages is based on temporal changes of the ratio of d and l-enantiomers of aspartic acid (Asp D/L) in mammals [10, 11] . The technique is based on the principle that d-aspartic acid accumulates logarithmically with age, and the crystalline in the core of the lens has been conserved chemically since it is formed at the fetus stage and is metabolically inactive for all of the animal's life [10] . AAR is useful for age estimation in long-lived mammals because the rate of racemization process depends only on the age and temperature [10, 11] .
Previous studies have reported on the application of the AAR technique to baleen whale species. Nerini [12] revealed a clear relationship between earplug-based ages and Asp D/L in fin whales. George et al. [9] applied AAR to estimate ages of bowhead whales, a species having unreadable earplugs. In that study, the rate of the racemization reaction of aspartic acid in eye lens (k Asp ) was extrapolated from human [10] Abstract Counting of the growth layers in the earplugs is the most accepted technique for determining chronological age of Antarctic minke whales; however, unreadable growth layers form in some individuals, especially in young animals. In this study, aspartic acid racemization (AAR) technique was developed for estimating ages in this species with the aim of complementing the age estimated using earplugs. To validate the technique and to determine the specific coefficients for age estimation, the ratio of d and l-enantiomers of aspartic acid (Asp D/L) in lens of 18 whales and 20 fetuses were analyzed and compared with earplug-based age estimates. The equation for age estimation by AAR in this species was as follows: and fin whale [12] , and the Asp D/L in eye lens at birth, (D/L) 0 , was estimated from an average of eight bowhead whales aged 0 to about 2-years-old. Olsen and Sunde [13] applied AAR to estimate ages of common minke whales from the North Atlantic, and k Asp was calculated from data in George et al. [9] as a function of body temperature. (D/L) 0 was also extrapolated from that study [9] . Rosa et al. [14] applied AAR for estimating the ages in bowhead whales. They calculated k Asp from ovarian corpora counts, and estimated (D/L) 0 from corpora age assuming that the female age at sexual maturity was 20-years-old. The studies mentioned above, excepting that of Nerini [12] , were based on extrapolated k Asp data from other studies as no age data were available for validation or comparison purposes. In addition, (D/L) 0 was also extrapolated or assumed in those studies because no sufficient fetus or neonate samples were available for such estimation. The earplug-based technique works well in the case of Antarctic minke whales Balaenoptera bonaerensis except with young animals where growth layers are difficult to read [8] .
The aim of this study was to develop the AAR technique for age estimation in the Antarctic minke whale. Age information from the AAR will complement the age estimation based on earplug readings, especially for the more difficult young animals. There is plenty of biological information collected from Antarctic minke whales that makes assumptions and extrapolations of key parameters unnecessary. For example k Asp and (D/L) 0 can be determined by direct comparison with earplug-based estimated ages, and (D/L) 0 can be estimated using available fetal samples from the Antarctic minke whales. Furthermore, the precision of the age estimation by the AAR ages of whales can be estimated.
Materials and methods

Biological sampling
Antarctic minke whales were sampled in the Antarctic sector corresponding to the Indo region, which correspond to the International Whaling Commission (IWC)'s management Area IV (70°-130°E), south of 62°S (Fig. 1 Whales were sampled through a pre-determined zigzag track-line designed to cover the whole research area (Area IV). In order to obtain biological samples representing the whole population in the research area, a random sampling method under the line transect sighting survey was adopted (see details in [15] ). Whales were killed using penthrite grenade harpoon. The lethal sampling of whales under the JARPAII program was based on a permit issued by the Government of Japan in accordance with the provisions of Article VIII of the International Convention for the Regulation of Whaling (ICRW).
In the field, scientists collected the left eye ball from 20 fetuses and lens samples from 18 female Antarctic minke whales. The samples were stored in polyethylene bags at −80 °C until analysis. Table 1 shows information on sex, body weight, age, and measured and actual D/L ratios of aspartic acid, based on 20 fetus samples. The weight of the fetuses was measured onboard the research-base vessel, using a marine scale (M1100 PL2260, Marel Co. Ltd.) equipped with motion compensation devices (precision <1%). To convert the fetal weight (W: g) into fetal age (t: day), the following equation was used [16] : Table 2 shows information on sex, age (year) estimated from earplugs [4, 5] and measured and actual D/L ratios of aspartic acid based on 18 female samples.
Biological information
Preparation of samples
Lenses were rinsed first with phosphate-buffered saline. Then their outermost layers were removed with mucus, and the cores were dissected out using a surgical knife.
Sample preparation and the high performance liquid chromatography analysis (HPLC) were done mainly by following the procedures by Fujii et al. [17] . Then, 10 mg of core samples were homogenized with 1 ml of tris-buffer (200 mM Tris, 150 mM NaCl, pH 8.0) using an ultrasonic homogenizer. The homogenate was centrifuged at 15,000×g for 15 min at 4 °C, and 100 μl of the supernatant was then desalted with acetone and air-dried. They were hydrolyzed in the gas-phase HCl (6N-HCl) for 7 h at 108 °C (Pico Tag Work Stations, Waters, Tokyo). The hydrolysates were evaporated under reduced pressure.
(1) t = W 1∕3 ∕0.24 + 74.
Laboratory and quantitative procedures
The Asp D/L was determined using HPCL (Alliance ® HPLC systems e2696, Waters) with a Nova-Pak ODS column 
Correction for hydrolysis effect
For validation of the hydrolysis effect, the purified fetus samples, 07/08-AM533F, were hydrolyzed in the gas-phase 6N-HCl for 7, 14, 21, 28 and 35 h at 108 °C, respectively.
Method of age estimation and statistical procedure
The formula of Bada et al. [10] was used:
where t (year) is the age of the whale. Standard error (SE) and 95% confidence interval for the AAR-based age estimates were calculated following the procedures of Rosa et al. [14] . First, 2,000 pairs of (D/L) 0 and k Asp were generated from a bivariate normal distribution with mean values of the actual estimates and covariance matrix derived from the regression. Second, 2,000 replicates of (D/L) act for each whale were generated from normal distribution with mean whales' (D/L) act and their standard deviations (SDs). 
Correction for hydrolysis effect
The (D/L) calibs in lens of the fetus hydrolyzed for 7, 14, 21, 28 and 35 h at 108 °C were 0.02853, 0.03958, 0.04865, 0.05937 and 0.06943, respectively. The (D/L) calib correlated with the hydrolysis times (Pearson correlation test; p < 0.05, r 2 = 1.000) (Fig. 2) , and yielded the following linear regression equation:
The initial (D/L) calib in the lenses of whales was 0.0186 (SD = 0.00112) calculated in Eq. (4). Table 1 Table 2 shows the ratio of (D/L) act in the lenses of Antarctic minke whales corrected by the hydrolysis effect and the age index which is "Log e { [ Figure 4 shows the relationships between the age indexes and earplug ages in Antarctic minke whales.
Aspartic D/L ratio at birth of whales
Slope of the age estimation equation
The single outlier at 40-years-old for which Cook's distance exceeded 2 was eliminated in the first regression analysis. Then, the two equations of age estimation are shown below [Eqs. (6) and (7)].
In Eq. (6) linear regression analysis were re-performed to determine k Asp in Eq. (2) substituting (D/L) 0 = 0.0134 using dataset of the (D/L) act and the earplug ages in the 17 whales (Fig. 4) as follows:
In Eq. (7) linear regression analysis was performed to determine k Asp and (D/L) 0 in Eq. (2) using dataset of the p < 0.05, r 2 = 0.400. 
Effect of hydrolysis
Another important aspect of this kind of study is the preparation process, especially hydrolysis, which could affect measurement values [20, 21] . Different conditions of hydrolysis would make inter-laboratory comparisons of k Asp and (D/L) 0 difficult. The hydrolysis process for amino acid analysis induces racemization of amino acids, and the degree of racemization is affected by experimental conditions such as processing time, temperature, phase of acid, and additive agent [22] . Therefore, the degree of racemization must be determined by each laboratory in order to allow (D/L) act and the earplug ages in the 17 whales (Fig. 4) as follows:
Squared correlation coefficient of the Eq. (7) was higher than that of the Eq. (6), and the SE of 2k Asp and intercept of the Eq. (7) were lower than those of the Eq. (6). Therefore Eq. (7) is more precise and accurate to estimate ages of whales than Eq. (6).
Standard error of age estimated by AAR
Ages estimated from Eq. (7) and (D/L) act in each whale, including their SEs and 95% confidence intervals estimated by bootstrap simulation, are shown in Table 4 . Figure 5 shows the relationships between ages estimated from earplugs, and ages (including SEs and 95% confidence intervals), estimated by the AAR. The range of SEs of the AARbased age estimates was 0.9 and 2.9 years, and they were within the 95% confidence interval, except for one case. inter-laboratory comparison of the results, and this was done in the present study. A decrease in the degree of racemization through the hydrolysis process contributes to improve the accuracy and precision of AAR age. This study adopted gas-phase hydrolysis, because the degree of racemization in gas-phase hydrolysis was lower than that in the liquid-phase [22] which is the common method for whale age estimation using AAR.
Estimation of (D/L) 0 and k Asp (D/L) 0 determined directly from data of fetus or neonate contributes to age estimation by AAR with higher precision. Previous studies inferred the (D/L) 0 from a few data of juveniles [9] or data of whales in a wide range of age [12, 14] . The present study attempted to determine (D/L) 0 based on a larger number of fetus's lens samples; however, the (D/L) 0 were not determined with a high degree of precision because of the hydrolysis effects.
It should be noted that only female samples were used as postnatal animals. This is potentially useful because ovulation rate in common minke whales is well documented, and it is possible to use the post-sexual maturity age as an independent validation of the age estimate [13] . On the other hand, the racemization rate of aspartic acid is only dependent of body temperature of whales, it is whereas unaffected by metabolism [13] . Then the method developed in this study should be also applicable to males.
A single outlier at a 40-years-old animal (earplug age) was eliminated based on Cook's score. Another reason for this was the possibility that the accelerated aspartic acid racemization rate originated from cataracts in lens of old mammals such as human [23] and rat [24] . The amount of changes of Asp D/L in lens of younger animals was higher than older animals, because the Asp D/L exponential decays in lens of mammals, suggesting that k Asp is more precisely estimated for young animals. Therefore, the k Asp and the intercept for age estimation were calculated from 17 whales.
The k Asp in Antarctic minke whale was estimated to be 1.15 × 10 /year in bowhead [9] and 1.10 × 10 −3 in common minke whale from the Atlantic [13] , whereas it was slightly higher than 0.977 × 10 −3 in bowhead whales [14] , suggesting the k Asp in the present study was appropriate.
Standard error of the estimation of age from AAR
In the present study the SEs of the age estimates from AAR were in the range of 0.8-2.9 for age estimates in the range 0.5-29.2 years old. These SEs were lower than those of common minke whale from the Atlantic (SE 4.5-8.77 for 0-30 years old, [13] ) and bowhead whales (SE 6-7 for −6 to 20 years old, [9] ; and SE 2−5.5 for −6.5 to 29 years old [14] ). Kitakado et al. [25] reported that the CV estimates for age estimation in relatively young Antarctic minke whales based on reading growth layers from earplugs among the five readers were in the range of 0.0041-0.0155. In animals under the age of three, the AAR ages differed from the earplug ages. The reason for this is that the amount of Asp D yielded just after birth would be extremely lower than that produced by the hydrolysis process. This tendency had been reported in previous studies [9, 14] .
This study was successful in developing the AAR technique for Antarctic minke whale with a few issues including possible bias due to cataract, requiring further consideration in the future. The application of this technique can complement the age estimation of this species based on earplug reading, especially for young animals with unreadable earplugs.
